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(54) Abstract Title t 
Optical waveguide Bragg grating system 

(57) An optical waveguide Bragg grating system has a length of optical waveguide 2 containing a set of 
Bragg gratings at each of a number of locations 10, 20, 30. Each location is assigned a unique digital code 
defining the wavelength set of the gratings at that location. The Bragg grating locations may be 
mechanical-strain sensing locations. For sensing, the waveguide 2 is coupled to a broadband optical source 5 
and the combined response from all the grating locations 15 is correlated 16 with each digital code to 
discriminate responses from the respective grating locations. In an alternative arrangement, a communication 
system uses a plurality of sources of unique wavelength and reflective taps at each grating location. 
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This 



~ rda,eS *° " "** *>« ^ system ^ mkuMy 

be represented in terms of induced strain. 



wavesu.de such . an opdcai R ^ „ _ ^ ^ ^ ^ 

ab..„y ,o a parameter at ^ ^ of ^ ^ jn ^ ^ ^ ^ m 

- ad^ by meaiK of . sing]e widebMd opdcai source ^ ^ ^ ^ 

-Ponse from „ lhe xnsm by _ Qf a ^ enabiM ^ ^ ^ 

individual sensors to be determined. 



optical source. 



This invention seeks to provide an optical waveguide R.ao 

P waveguide Bragg grating system in which the 
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above-mentioned limitation is mitigated. 

According to one aspect of the invention there is provided an optical waveguide Bragg 
grating system comprising a length of optical waveguide having a plurality of Bragg 

5 grating locations spaced apart along its length, each grating location containing a plurality 
of superimposed Bragg gratings formed thereat, each of the superimposed gratings at a 
respective location having a characteristic response wavelength different from the other 
gratings at that location, each location being assigned a unique digital code defining a 
unique set of response wavelengths of the gratings at that location, an optical source for 

10 providing an optical signal to the optical waveguide, the signal having a bandwidth which 
includes the response wavelength of each grating at each location, a correlator for 
correlating in wavelength space combined optical responses from all locations with each 
code, whereby the responses from each grating location may be uniquely determined. 

15 The optical waveguide is preferably an optical fibre, typically single mode optical fibre. 

A signal amplitude threshold circuit may be coupled to an output of the correlator to 
increase discrimination of the responses from the respective grating locations. 

20 The digital codes assigned to the grating locations may be Prime Codes. 

The Bragg grating locations may be mechanical strain-sensing locations, a change in the 
wavelength response from a respective location being indicative of a change in mechanical 
strain induced in the optical waveguide at that location. 
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An exemplary embodiment of the invention will now be described with reference to the 
drawings in which: 

Fig.l (a) shows a known Bragg grating system; 

5 

Fig. 1 (b) shows a preferred embodiment of a Bragg grating system in accordance with a 
first aspect of the invention; 

Figs.2, 3 and 4 illustrate results of correlation for three possible cases; and 

10 

Fig.5 shows a preferred embodiment of an optical CDMA data communications system in 
accordance with a second aspect of the invention. 

Referring now to Fig. 1(a), there is shown a known optical waveguide Bragg grating system 
15 in which a single mode optical fibre 1, has Bragg gratings 11, 12, and 13 of respective 
characteristic reflection wavelengths X p \ v X 3 formed at intervals along its length. In this 
example the gratings are provided as sensors for sensing, for example mechanical strain. 

The gratings 11, 12 and 13 are typically addressed by means of a wide-band optical source 
20 coupled to the fibre 1 and reflected responses from the grating sensors are analysed by 
means of a spectrum analyser. A change in the spectral response of a grating sensor 
indicates a change in the sensed parameter, in this case mechanical strain. 

A problem with this arrangement is the compromise, which must be made between the 



number of grating sensors, which may be cascaded in this way, ,heir required dynamic 
range and me optical bandwidth available from a single source, to cover the range of 
characterisdc reflection wavelengths of all the cascaded gradngs. In a typical strain 
sensing application, i, is possible to support e.gh, cascaded Bragg grating amm , cacn 
having a wavelength window 5nm wide, equivalent to a strain-response range of 0- 
3000pstrai„, within the typical 40„m spectra! range of state-of-the-an semiconductor 
diode sources. 

In seeking ,„ midgate this problem, the present invention draws on techniques from the 
field of Code Division Muftiple Access, (CDMA) communications to provide resolution of 
the responses from opdcal waveguide Bragg gradngs. 

In a typical CDMA system, each bit is encode into a waveform sft) that corresponds to a 
code sequence of N chips representing me ^ thatim address of ^ ^ ^ ^ 
correlates its own address/,,, with the received signal The received output *) is: 



H» = £ s(z).f(z-t).dz 



(1) 



If the signal has arrived a, me correct destination, then s„, = m ^ (1) 
represents an auto-correlation function. U the signal has arrived a. an incorrect desdnadon, 
'hen s(,> +f(t) and (,) represenls , ctoss<omMm ^ M ^ ^ ^ 

maxim.se the discrimination between the correct (destination) signal and interference (all 
other signals), i, is necessary to maximise the auto-correlation function and to minimise the 
cross-correlation funcdon. This is accomplished by selecting a se, of orthogonal code 



sequences. Optimum discrimination occurs for conditions under which the auto- 
correlation function is a maximum and the cross-correlation function is simultaneously a 
minimum. The size of the code applied to each transmitted bit depends on the number of 

N-l 

receivers in the system. In a binary signalling scheme, this has a minimum size of 2 , 
5 where N is the number of receivers involved, although optimum code, design strategies 
may demand significantly longer codes. 

In the present invention these principles are applied in a first aspect of the invention to 
discriminating responses from a set of Bragg grating locations spaced along a length of 
10 optical waveguide and in a second aspect to provide an optical CDMA data system in 
which data signals intended for respective ones of a number of locations may be 
discriminated by means of Bragg gratings provided at those locations. 

Referring to Fig.l (b), there is shown a Bragg grating sensor system comprising an optical 
15 waveguide in the form of a single mode optical fibre 2 provided with Bragg grating 
locations 10, 20, 30 at spaced intervals along its length/ A wideband optical source 5 is 
coupled to feed the optical fibre 2 and signals reflected from each Bragg grating location 
10, 20, 30 are fed to a spectrum analyser 15 and then to a correlator circuit 16. 

20 Each Bragg grating location incorporates three gratings each having its own respective 
characteristic wavelength response, the set of three wavelengths at each grating location 
being unique to that location and hence different from the wavelength response set of any 
other grating location. 
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Exh grating iocation ,0, 20, 30 is assigned a digi.a, code which defines in waveiengrh 
space ,he characrerisric wave,e„g,h response of ,he duee gratings a, ,he respective 

«-» ,„ optica. sysI e ms , gjving ^ ^ ^ ^ 

—on ays,™ (i,. in which lhe M ^ , ^ _ ^ ^ ^ ^ 

previous generation of codes (exempiified by Goid^uences). which are more appiicahie 
•oampiirude^erection. The fofiowing description is made with reference ,o Prime Codes 
h d» invention is no, finked „ such codes md a „ y ^ ^ ^ ^ ^ ^ 



For ,he sysiem of „ g , having Urree sensing si.es, cch wirh rhree gratings, ,he 
relevant Prime Codes are; 



User 


Code Sequence 


1 


100 100 100 


2 


100 010 001 


3 


100 001 010 



fences represen, ,he wave,e„g,hs of ,he characreristic waveiengrh response, o, ,he 
«~ Bragg gratings a, each iocatio, Thus in . wavelength ^ ^ ^ ^ 
charactenstic wavelengths of the code 



sequence, the gratings for user 1 at location 10 



are 
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assigned wavelengths X u X 4 and X 7j those at grating location 20 wavelengths l u X $ and \ 
and those at location 30 wavelengths \ y \ and X g 

As described, a multiplicity of sensors share a common wavelength space and the potential 
5 dynamic range, in wavelength terms, can therefore be much larger, since it is not necessary 
to prevent the dynamic wavelength excursions of one grating from encroaching on the 
spectral space allocated to its neighbours. In wavelength-space, therefore, the reflected 
response of a particular sensor comprises a number of delta-functions, forming a pattern 
unique to that sensor. 

10 

In order to discriminate the responses from the individual Bragg grating sensor locations, a 
spectral analysis is made of the sum of ail grating sensor responses, taking no account of 
the positional origin of the signals received by the detection system consisting of the 
spectrum analyser 15 and the correlator 16. In the present example in which the Bragg 
15 gratings at the three locations are functioning as strain sensors, as an individual sensing 
location experiences strain (or responds to an influence inducing strain) its characteristic 
coded response pattern shifts across the spectrum, modifying the integrated detected 
spectrum. 

20 By performing, in correlator 16, a correlation in wavelength-space of the integrated 
detected spectral pattern against the specific sensor code, it is possible to assign the sensor 
response a position, which directly represents the induced shift in the wavelength pattern 
associated with the specific sensor location. With suitable choice of code patterns, the 
cross-correlation of the detected pattern associated with any particular sensor against the 



cod* of the remaining S e„ S ors in the „ can be m,„i m i sed , provjding an unambiguous 
interrogation of any individual sensors in the set. 

Referring now ,o Figs 2, 3 and 4 there a* shown rhe output of ft. coirelalor 16 fo , lh[a 
5 cases. The fl, to 0 f eaeh Figu. shows lhe raw ^ „, whjle ^ 

second row shows the same results after subjecting ,„ upholding. 

In Fig.2. the nine-bit codes for each of the duee sense locations occupy non-ovedapping 
positions in a 32-bin wavelength space. m dtis case aU sensor lo ca,io„s are compter 
10 resolved at positions 1, 12 and 23. * 

In Fig. 3, aft ttuee sensor locations are cohere., coincident in wavelengrh space, bur as 
can be seen, dre auto conation wi* Ure reapecdve codes discnndna.es each sensor 
response at position 12. 



5 Similar in Hg. 4 , where sensor ^ ^ ^ ^ ^ ^ ^ 

positions 10, 12 and 13 are discriminated. 



As can also be seen by thresholding .he conelator ou.pu, a. signal magnitude slighdy h 
excess of 2 on fte venica. aais of each fig ure , dre discrjminatio „ ^ ^ 
is considerable enhanced. 



T* above exampte has been desctibed wi,h reference ,o a nine bit code suitable for three 
s-or .ocations. Tne si,e of the code can be increased wirh a coring increase in 
•he number of gradng/sensing locations which may be supported and enhanced 
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discrimination between auto-correlation and cross-correlation functions. 



The following is an example of the Prime codes for a five user/location system; 
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User Code Sequence 



1 


10000 


10000 


10000 


10000 


10000 


2 


10000 


01000 


00100 


00010 


00001 


3 


10000 


00100 


00001 


01000 


00010 


4 


10000 


00010 


01000 


00001 


00100 


5 


10000 


00001 


00010 


00100 


01000 



The multiple Bragg gratings at each of the grating locations may be formed adjacent to 
each other, or to be superimposed one upon another. Such multiple gratings may be 
10 formed by known techniques for forming Bragg gratings in optical fibres, such as, 
holographic exposure, phase mask exposure or direct writing into the fibre by optical 
beam. 

In a second aspect, the invention may usefully be applied to provide an optical data 
15 communications system. One exemplary embodiment is illustrated in Fig.5. In Fig. 5, an 
optical waveguide in the form of a single mode optical fibre 100 has coupled thereto five 
optical sources, typically laser diode sources, 110, 111, 112, 113 and 114, of respective 
wavelengths \ y \ y and X 5 
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— *- a, ta— ,20 having charac|eriaic ^ wavekngths 

- - .3. wa^ >„ , Md , and fina „ y ^ . ^ * 

reflective tap 122, 132 and 142. 

The optical sources 110 throuah 1 14 a > 

data intended to be receive tu 

reccved a, «he w locations I20 , 13Q and ^ 

0 reflective laps 122 132 „„h ,,, ^ ' Ule 

P ™, .32 and , 42 . ^ ^ inpu| ^ ^ ^ ^ ^ 

reception by a user assigned to the tan i<w , J 

tap 122, is coupled to drive the optical sources 110 in 
and 114, having wavelengths corresponding to the iw 

P noing to the three wavelength responses of the 
gratings at the location 120. Similarly th» • •• - 

Sim,ar, ^e data input 135 is coupled to the optica, SO u rces 
1 10, 1 12 and 1 13 and the data input 14<J to h. 

"«a input 145 to the sources 1 1 1, 1 13 and 1 14. 

As with the embodiment described with respect to Fig 1 (b) in cn • 

io rig. i ( 0 ) ln conjuncuon with Figs 2 to 

3 " ^ " — * «*- - - - .32, 1,2 a„d a n a ut „ 

this way data intended to be transmitted to each of th. , 

each ofthe users associated with each reflective 

tapalongtheoptica,fibrel0 0 , m aybedi S criminated. 



The 



invention has been described bv wav nf „ , 

by way of example and modifications may be made 

panicuiar, the invention is not 



12 

restricted to the use of optical fibre waveguides and any other suitable optical waveguide 
may be used, such as those formed using lithium niobate, DI-V semiconductor and silica 
technologies. More than three gratings may also be employed at each location. The 
invention is also not restricted to the use of Prime Codes and any other suitable code 
structure may be employed. All that is required is that the digital code sequence chosen is 
suitable to support the number of gratings per location and the number of locations. 



CLAIMS 



' A " ° P " Ca ' WaVC8UMe *« a ,e» Bth „, opIica , 

S-„ g ,oca ta „ g . piuraJity „ ^ ^ ^ ^ 

a ^^-~v eof8 ^ OTOfre ^ wave|en8Uisofthegratings 
*e ^ „av ing a ^ which ^ fc ^ ^ ^ ^ J 

be uniquely determined. 



* m graang system of Claim , in whjch a ^ ^ 

respective grating locations. 



3 ^ ^ °' 1 ° r 2 * «*» * «*- co* S as,,* t „ te 

grating locations are Prime Codes. 



• T hegratingsys , em o f aa ypr ece dingciaiminwh , hlheBragggraiingiocationsarc 
«.n tosi , te „ flcta8ei „ mtcta „ ica , !WninduKdin|ht ^ 



at that location. 



14 



5. An optical CDMA daca communications system comprising a length of optical 
waveguide having a plurality of Bragg grating locations spaced apart along its length, each 
grating location containing a plurality of superimposed Bragg gratings formed thereat, 
each of the superimposed gratings a. a respective location having a characteristic response 
wavelength different from the other gratings at that location, each location being assigned 
a unique digital code representative of a unique set of response wavelengths of the gratings 
a, that location and having a respective reflective tap, a plurality of optical sources 
coupled to the optical waveguide, each source having a unique respective wavelength 
corresponding to the characteristic response wavelength of a different respective one of the 
gratings a, the plurality of Bragg grating locations, a data input for feeding data intended to 
be teceived at the teflective tap of a grating location to each optical source having a 
wavelength corresponding to the characteristic response wavelengm of each grating a. said 
grating location and a correlator coupled to each reflective tap for correlating in 
wavelength space optical signals received at a respective tap with each digital code, 
whereby data signals intended for that tap may be discriminated. 

6. The system of Claim 5 in which a signal amplitude threshold circuit is coupled to 
an output of each correlator to increase discrimination of the responses from the respective 
grating locations. 

7. The system of Claim 5 or 6 in which the digital codes assigned to the grating 
locations are Prime Codes. 
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» The system of any preceding c|aim „ whjch ^ ^ ^ ^ ^ ^ 

optical fibre. 



9. The sysrem ofClaim 8 in which .he optica, fibre is single mode optica, fibre. 

10. An opto, waveguide Bmgg ^ sysKm subs(aMia|iy ^ ^ 
reference to and as shown in Rgs 1 (b) and 2 to 4 of the drawings. 

H. An optica, CDMA data commuoicauons system substantia,., as herein described 
with reference to and as shown in Fig. S of the drawings. 
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